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Model calculations lor the chemisorption o f  hydrogen atoms on nickel (111), (100) and 
(110) surfaces are carried out by means o f  the Extended HLickel MO method. After 
comparison o f  the results obtained on a cluster o f  13 nickel atoms with the properties o f  
the metal, adsorption at different surfaces was studied by truncating this cluster and 
adsorbing a hydrogen atom on it, so that the environment o f  the adsorption site has the 
correct symmetry.
It can be concluded that the adsorption o f  a hydrogen atom over a surface nickel atom is 
energetically more favourable than adsorption in some surface holes. Also the surface 
potential is more negative in the first case. The adsorption energy decreases with an 
increasing number o f  neighbours to the surface atom.
It appeared further that the structure o f  the “ surface molecule” is more important for 
determining which d-orbitals play a role in chemisorption than is the interaction with 
the “ bulk" metal atoms. Moreover, we found that the 4s orbitals are very important for 
covalent adsorption. Although the chemisorption o f  hydrogen atoms on copper is o f  a 
different type (the 3d orbitals not being involved), the greater binding to the 4s orbitals 
causes the adsorption energy to be comparable with the nickel case.
1. Introduction
The  concept  o f  a “ surface molecule",  which describes the localized 
bond ing  between a chemisorbed  species and  a small num ber  o f  subst ra te  
a t o m s 1), has been used by theo r i s t s2-13) and exper imen ta l i s t s14) to calculate 
and interpret  the p h e n o m e n a  occurr ing  on adsorp t ion .  Several theoretical  
t rea tments  have checked the validity o f  this concept  for certain systems or,  
more generally,  as a funct ion o f  some typical system p a r a m e t e r s 15-22).
The  purpose  o f  the present invest igation is to obtain  some quant i ta t ive  
in format ion  a b o u t  a tomic  hydrogen adsorbed  on a t ransi t ion-metal  such 
as nickel, a system which is interest ing and relatively well studied exper iment ­
ally. As we intend to obta in  these quant i ta t ive  results by means  o f  a s tandard  
molecular  orbital  method,  we can only s tudy the interact ion o f  a hydrogen
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a tom with a limited nu m ber  o f  metal a toms.  Nevertheless,  we hope tha t  these 
model  calculat ions will permit  us to m ake  some conclusions a b o u t  the 
degree o f  localization o f  the adsorp t ion  bond.  A fur ther  essential object 
o f  this work  is to de te rmine  which t rans i t ion-metal  orbi tals  play a rôle in 
chemisorp t ion  and what  is the efTect o f  the partly filled d -band  and o f  the 
conduc t ion  electrons.  We think this knowledge to be useful in o rder  to 
check assumpt ions  on this mat te r  made  in previous theoretical  t rea tments  
of  the same s y s t e m 2*12’ 13). It can also help to improve the crude  analysis o f  
the rôle o f  mult i-centre forces in the dissociat ion o f  H 2 on n ick e l13).
The  calculat ions have been carried ou t  for hydrogen on different crys- 
ta l lographic  surfaces of  face-centered cubic nickel in order  to examine  the 
effect of  a different env i ronment  o f  the adsorp t ion  site. We hope tha t  the 
applied model represents the exper imental  s i tuat ion sufficiently well to 
al low some theoret ical  predict ions ab ou t  the surface potential  and the 
adsorp t ion  energy.
2. D escription of the model
2.1 C l u s t e r s
Since the adsorp t ion  models only consist  o f  a limited n u m b e r  o f  metal  
a tom s  we want  to consider  first the effect o f  t runca t ing  the crystal.  This 
investigation is carried out  on a cluster  of  13 nickel a toms,  represent ing one 
a tom  with its complete  nearest  ne ighbour  env i ronm en t  in the Icc crystal 
(fig. la). The  symmetry  g ro u p  o f  this complex is O h, the nearest  ne ighbour  
dis tance is taken equal  to the metallic value (2.49 A =  4.70 a tomic  units).
The next calculat ions were per formed on systems o f  10, 9 or  8 nickel 
a tom s  obta ined from the original cluster by removing some a tom s  such that  
the central metal a tom  has the nearest  ne ighbour  env i ronment  o f  an a tom  
at the ( I 1 1 ), (100) or  (1 10) surface,  respectively (figs. lb,  c and  d). The  sym ­
metry g roups  of  these clusters are C 3v. C 4v and C 2v-
Subsequent ly,  we “ a d s o rb "  a hydrogen a tom  on these surface clusters,  
at a variable height above the central  nickel a to m  ( figs. 2a, b, c). The result ing 
complexes have C 3v, C 4v and C 2v symmetry,  just  as the original metal clusters. 
As this symmetry  is exactly the same as the symmetry  o f  an isolated hydrogen 
a tom  adsorbed  on a semi-infinite metal crystal,  we expect tha t  these models  
can serve to investigate the effect o f  the (direct) env i ronment  on the propert ies  
o f  the adsorp t ion  site. Actually,  the s tudy o f  ne ighbour  effects is made  by 
compar i son  to an isolated NiH molecule,  which is also calculated.
We have also examined what  happens  when a hydrogen a tom  is adsorbed  
on a cluster which is just  like one o f  those in figs. lb  or  Ic, but  inverted. 
The  hydrogen a tom  is now placed in the centre o f  a “ hole"  between 3 or  4 
“ surface"  nickel a toms,  respectively, at  variable height (figs. 2d and  2e). It
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Fig. 1. (a) bulk cluster, (b) ( 1 11) surface cluster, (c) (100) surface cluster,
id) (110) surface cluster.
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Fig. 2. Models lor hydrogen adsorption: (a) on the (111) surface, (b) on the (100) 
surface, (c) on the (110) surface, (d) in a ( 1 11) surface hole, (e) in a (100) surface hole.
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must  be noted,  however,  tha t  these surface nickel a tom s  are not  provided 
with thei r  complete  nearest  ne ighbour  envi ronment ,  as the central  surface 
a tom s  are in the clusters o f  figs. 2a, b and c.
2 . 2 .  A t o m i c  o r b i t a l s  a n d  v a l e n c e  e l e c t r o n s
As we did not  wish to make any a priori  a ssumpt ions  a b o u t  the d-orbi ta ls  
involved in adsorp t ion  bonding ,  we have taken all five 3d orbi tals  on each 
nickel a tom.  The  4s orbi tals  o f  nickel were included as well, in order  to 
represent  the conduc t ion  electrons.  The  a tomic  orbi tals  are expressed in the 
coord ina te  system shown in fig. 1 for the central  metal a to m  and parallel 
coord ina tes  on all o ther  a toms.  The  radial parts  o f  the orbitals,  a single 
Slater type funct ion for the 4s and a “ double  ze ta"  funct ion for the 3d 
orbitals,  are approx im ate  a tomic  S C F  o r b i t a l s 23) ( table  1). Each nickel
T a b l e  I
Atomic orbitals and valence state ionization energies
Exponents
( t f o - 1 )
Contraction
coefficients
a
(eV)
/?
(eV) (eV)
Ni 3d 5.75 ; 0.5683 ) 8.38 12.97 1.76
OOri 0.6292 \
4s 1.50 1.0 6.97 8.16 0.91
Cu 3d 5.95 ; 0.5933 ) 10.60
2.30 \ 0.5744 \
4s 1.55 1.0 7.75
H Is 1.0 1.0 13.60 27.18 13.62
a tom  has 10 valence electrons and an effective core charge o f  + 1 0  units. 
For  reference purposes  we have also made  some calculat ions  using only 
the nickel 3d orbitals  and taking into accoun t  9 valence electrons (core 
charge +9) .  A hydrogen a to m  conta ins  a ls-orbital  (exponent  1.0) and
1 electron.
Since much evidence has been put  forward to relate the adsorp t ion  
behav iour  o f  t ransi t ion metals to the n u m b e r  o f  “ holes" in the d -band ,  we 
though t  that  it would be worthwhi le  to use these models  tentat ively to 
consider  this relation.  For  this reason we have applied some o f  ou r  original  
calculat ions to the adsorp t ion  o f  hydrogen on copper .  In this qual i ta t ive 
s tudy only one calculat ion was made  with the copper  a tomic  o r b i t a l s 23); 
in most  cases we used the nickel orbitals,  taking 1 I valence electrons.
2.3. T h e  m o l e c u l a r  o r b i t a l  m e t h o d
F o r  a s tudy o f  the surface molecule concept  it would be most  appropr ia te
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to consider  the influence o f  the su r round ing  crystal as a per turba t ion .  
Hydrogen  adsorp t ion  on different nickel surfaces could,  for instance,  be 
t reated as a N iH molecule in different crystal fields. Since, however,  the 
influence o f  the crystal in this system is mainly a covalency or  delocal izat ion 
effect, the most  convenient  way to obtain  quant i ta t ive  in format ion  is by a 
Molecular  Orbi tal  method .  The  most  serious d raw back  o f  this method  is 
the difficulty in defining the b o u n d a ry  condi t ions  o f  relatively small clusters 
such tha t  they represent  a semi-infinite,  or  at  least large, crystal.  Bennett  
et a l .21) found a solut ion to this problem for layer structures,  such as 
graphi te ,  but  for a “ really th ree-d imens iona l” crystal this is still an object  
for fur ther  study. In the interpretat ion o f  the results presented here we 
have tried to correct  for the smallness o f  the clusters by consider ing relative 
effects.
The  simplest  M O - L C A O  method  appl icable to these models is the 
Extended Hiickel m e t h o d 24). The  over lap matr ix elements S pq o f  the secular 
equa t ions
( H — eS)  c =  0 (1)
are calculated with the a tomic  orbi tals  yp specified above.  The diagonal  
matr ix  elements Hpp are set equal  to the empirical  a tomic  Valence State 
Ionizat ion Energies ( V S I E ) 25»26); the non-diagonal  elements are a p p r o x ­
imated by the Wolfsberg-Helmholz  f o r m u l a 27):
Hpil = K S pq(Hpp + H j / 2 .  (2)
Since metallic nickel has 0.6 holes in the d -band ,  the a tomic  Valence State 
for nickel was taken as 3dc)-4 4s0-6, for which the Ionizat ion Energies were 
obta ined by l inear in terpolat ion ( table 1). The  W ol f sbe rg -H e lm ho lz  cons tan t  
was usually chosen as AT= 1.75; the effect o f  var ia t ions  in K has been 
examined.  T r a n s f o rm a t io n  o f  the secular equa t ions  with the matr ix  S ~ l 2 
and  appl icat ion o f  an a lgor i thm for the calculat ion o f  matr ix eigenvalues 
and  eigenvectors,  yield the orbital  energies £,■ and the molecular  orbitals
<Pi =  I  XPcpi ■ (3)
P
Before relat ing the results of  an Extended Hiickel calculat ion to exper i ­
mental  quant i t ies  as binding energies and  dipole m om en ts  we have to 
make  some comments .  The Extended Hiickel method  does not  explicitly 
calculate the e lec t ron-elect ron or  the e lec t ron-core  interact ions.  Therefore  
it is impossible to com pu te  exactly the L C A O  total  energy o f  a molecule.  
The  same restriction holds for molecular  binding or  dissociat ion energies, 
which are defined as the energy differences between the molecule and its 
separate  parts.  It has been s h o w n 28), however,  tha t  a reasonably  good  
a p p ro x im a t io n  to the binding energy can be given in terms o f  the orbital
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energies:
(4)
molecule
AB
p u r l
A
p; i r l
B
where the sum m at ions  extend over all orbi tals  o f  the indicated species, 
mult ipl ied by their  occupa t ion  numbers ,  nr This expression is based on 
the assumpt ion  tha t  the extra electronic repulsion in the molecule,  com pared  
with the separate  parts,  equals  the extra internuclear  repulsion.  Using it 
we must  r emember  two l imitat ions:
(1) for small distances it underes t imates  the repulsion because o f  this 
assumpt ion.
(2) for large distances it converges,  in case o f  he te ronuclear  molecules,  to 
the binding energy between ions, jus t  as the exact S C F  binding energy 
often does.
There  is enough  practical experience,  however,  to apply this formula  
with some confidence in the region a round  the chemical  bond ing  distance,  
especially for our  aim,  which is the calculat ion o f  the relative stabili ty o f  
bond ing  between a hydrogen a to m  and some clusters o f  metal a toms.
A n o th e r  shor tcoming  o f  the Extended Hiickel method  hinders us if we 
want  to calculate the work funct ion change or  surface dipole moment .  A 
method  of  doing this approximate ly  would be to co m p u te  the Mull iken 
a tomic  c h a rg e s 29) on the hydrogen and  the metal a toms.  It is known,  h o w ­
ever, tha t  the a tomic  charges calculated f rom Extended Hiickel M O ’s are 
too large. The  usual way to correct  this is the in t roduc t ion  o f  a charge- 
dependent  H matrix by writ ing,  for i n s t a n c e 25):
where y.p is the VSIE of  the a tomic  orbital  / p, p p and  yp describing its charge 
dependence,  and qA is the Mull iken charge o f  the a to m  to which yp belongs. 
The molecular  orbitals  and  the a tomic  charges are then de te rmined  by an 
iterative procedure.  This process yields more  realistic charges indeed,  but ,  
as we have observed,  it also int roduces into our  models  an unrealist ic 
effect in the binding energies given by eq. (4). Th i s  can be unders tood  as 
follows: if there is a shift o f  electron charge from nickel to hydrogen,  the 
orbital  energies change according to (5). The  single hydrogen orbital  is 
raised in energy, but  all nickel orbitals,  including those which are not  
bond ing  to hydrogen,  are lowered by approx imate ly  the same am oun t .  This 
leads to a large d ro p  in the average orbital  energy and ,  therefore,  to an 
en o rm o u s  increase in the binding energy calculated by fo rm ula  (4) with 
the lowered M O 's  and  the original a tomic  orbital  energies.  Within the 
f ramework  o f  the Extended Hiickel method  this p rob lem can only be 
solved by assuming tha t  the nickel orbi tal  energies depend  considerably
P )
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less on the a tomic  charge than the hydrogen orbital  energy does,  an a s s u m p ­
tion for which we could not  find any evidence in the l i terature,  however.
For  the in terpre ta t ion  o f  our  results we have chosen the following solut ion.  
By per fo rming  some iterative calculat ions we have confirmed that  the 
relative charges do not  change  by i terat ion.  Therefore  we have mostly 
applied the original non-i terat ive Extended Hiickel method ,  using the VSIE 's  
o f  the neutral  a toms.  The  effect o f  the exaggerated ionicity on the binding 
energies is checked.  T he  surface dipole m om en ts  can only be interpreted 
relative to each other ,  as their  abso lu te  values are too  high.
3. Results and discussion
3.1. T h e  b u l k  n i c k e l  c l u s t e r
As we wish, at  first, to co m p are  the results o f  ou r  calculat ions on relatively 
small clusters to experimental  da ta  on large crystals or  to band calculat ions  
on infinite crystals,  we would like to use concepts  as:  band  width,  occupat ion  
o f  bands ,  Fermi level, etc. These concepts  must  be defined in terms o f  ou r  
discrete set o f  orbital  energy levels and  M O  coefficients. We shall use the 
fol lowing definit ions:
The  width o f  the d -band  is the energy difference between the highest  
and the lowest orbital  with a s t rong d-character .  The  Fermi level is the 
energy o f  the highest  occupied MO. The a m o u n t  o f  d-character  o f  the elec­
t rons  in a definite cluster is:
Wu =  I  < ,  (6)
all atoms 
k
where is the total  gross p o p u l a t i o n 29) o f  the d-orbi tals  on a to m  k. An  
ana logous  fo rmula  defines the a m o u n t  o f  s-character .  If nd is the average 
3d-character  per a to m ,  then (10 — //d) is the n u m b e r  o f  holes in the d-band.  
The  charge o f  an a t o m 29), qk, is the core charge minus the gross a tomic  
popula t ion ,  Nk = + N£.
F or  compar i son  o f  the binding energy calculated for small nickel clusters 
by fo rmula  (4) with the exper imental  cohesion energy o f  the metal,  we must  
note  tha t  in the bulk cluster only the central  nickel a to m  has its complete  
nearest  ne ighbour  environment ,  whereas the 12 su r round ing  a tom s  only 
have 5 nearest  ne ighbours  each. In the surface clusters even par t  o f  these 
env i ronm en ts  are removed.  Cons ider ing the nearest  ne ighbour  interact ions 
as the mos t  im p o r t a n t  we can “ renormal ize"  the b inding energy calculated 
for the cluster by mult iplying it by the rat io o f  the coord ina t ion  num ber  
in the metal (12) to the average coord ina t ion  n u m b e r  in the cluster. If this 
quan t i ty  is divided by the n u m b e r  o f  cluster a tom s  it can be related to the 
metall ic cohesion energy.
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Some results o f  non-i terat ive calculat ions on the four  nickel clusters 
shown in fis. 1 are listed in table 2. The  “ d-band  wid th"  o f  the bulk cluster 
(1.81 eV) is smaller  than the values calculated by F le tche r30) (2.7 eV), 
H a n u s 31) ( ^ 5 e V )  and  Y amash i ta  et al .32) ( ^ 4 e V ) .  To  explain this effect 
we have also performed some t ight-binding calculat ions on an infinite 
nickel crystal (space symmetry  g roup  F m 3 m  =  0,^) using the Extended
T a b l e  2
Results for the nickel clusters (the numbering o f  the atoms is indicated in fig. I)
Bulk
cluster
( I l l )
surface
cluster
(100)
surface
cluster
(110)
surface
cluster
d-band width (eV) 1.81 1.67 1.63 1.59
Fermi level (eV) -  7.64 - 7 . 7 2 - 7 . 6 6 - 7 . 6 9
Holes in d-band 0.68 0.67 0.59 0.54
Total binding energy (eV) 22.7 17.1 15.0 13.3
“ Renormalized" cohesion energy (eV) 3.8 4.3 4.5 4.7
Atomic charge i/( 1) 2.54 1.37 0.12 0.02
</( 1 )surfacc */( 1 )bulk =  Ai/( 1 ) ------ -  1.17 - 2 . 4 2 - 2 . 5 2
Ac/ (2 ) ------ - 0 . 0 1 - 0 . 0 5 - 0 . 0 4
Ai/(3) ------ +  0.19 +  0.44 +  0.30
Ai/(4) — — — +  0.35
Hiickel formalism and the method  o f  Slater and K o s t e r 33). Tak ing  the 
pa ramete r  choice indicated for the clusters we found a d -band  width of
2.8 eV; with a W ol l sbe rg -H e lm h o lz  cons tan t  K = 2.0 this value becomes
3.8 eV (compared  to 2.44 eV for the bulk cluster). F rom  this result,  together  
with evidence in the l i t e ra tu re34,35) that  the Extended Hiickel method  
yields reasonable valency band widths,  we conclude tha t  the na r row 
“ d - b a n d "  is a consequence  o f  the limited size o f  the cluster.  The  4s “ band 
wid th"  o f  18.4 eV com pu ted  for the bulk cluster  is close to the width o f  the 
conduc t ion  band  calculated by H a n u s 31) (16.4 eV). This agreement  must  
be for tui tous,  however,  since, in accordance  with previous exper ience34), 
a t ight-binding calculat ion o f  the infinite crystal yields a conduc t ion  band 
which is too broad  ( ^ 9 0  eV).
The  Fermi level is calculated to be lower ( — 7.64 eV) than the exper i­
mental  value o f  ^  — 5 eV [Farnswor th  and  M a d d e n 36) — 5.22 eV, Ger lach  
and R h o d i n 37) —4.75 eV]. The  posi t ion o f  the Fermi level varies little with 
a different W ol f sbe rg -H e lm ho lz  cons tant ,  but  is, o f  course,  s trongly d e p e n d ­
ent on the VSIE's  subst i tuted in the diagonal  elements Hpp. In the bulk 
cluster the “ n u m b e r  o f  holes in the d - b a n d "  is 0.68 which agrees well with 
the exper imental  values lying a rou nd  0.6.
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F or  the cohesion energy, “ renormal ized"  for the correct  n u m b e r  o f  
nearest  neighbours ,  we found a value o f  3.8 eV per a tom ,  the experimental  
cohes ion energy being 4.40 e V :38).
Calcula t ions  with only 3d orbi tals  on the nickel a tom s  and  9 valence 
electrons yielded a slightly smaller  band  width (1.75 eV). The  Fermi level 
was found to be — 7.79 eV. If 4 or  5 extra electrons are added ,  m ak ing  9.3 
to 9.4 d-electrons per a tom ,  then the Fermi level is the same height as that  
f rom the calculat ions including the 4s-orbitals ( —7.64eV).  Apparent ly ,  
in this model  there is not much interact ion between the 3d and  the 4s band.
F rom  these compar i sons  we can conclude  that  the a tom ic  orbi tals  and 
the pa ramete rs  used in the Extended Hiickel method  are reasonably good.  
The  V S IE ’s are p robab ly  som ew ha t  too large, but  the relative posit ion o f  
the 3d and  4s orbi tals  is well represented.  Conclus ions  a b o u t  adsorp t ion  
which are made  hereafter,  should be checked for their sensitivity with 
respect to changes  in the absolute  values o f  the VSIE's  and in the Wolfsberg-  
H e lmholz  cons tan t  K.
As ment ioned al ready in the descript ion o f  the model ,  the a tomic  charges 
calculated with the Extended Hiickel method for this relatively small 
nickel cluster are ra ther  high, + 2 .5 4  units on the central  a tom ,  —0.21 on 
each o f  its neighbours .  Therefore  all surface and adsorp t ion  effects on the 
charge  d is t r ibut ion  should be considered relative to this bulk cluster.
3 . 2 .  S u r f a c e  c l u s t e r s
If some a tom s  are removed from the bulk cluster  in order  to ob ta in  
models  for the env i ronment  of  a nickel a to m  at a (111), (100) or  (110) 
surface (figs. lb,  1c, Id),  the symmetry  o f  the original system is lowered. 
The  orbi tals  which form a basis for two or three-dimensional  representat ions  
of  the g roup  O h split into doubly  or  non-degenera te  orbitals.  No  specific 
difference can be observed between the “ bu lk"  t 2i, and ey orbitals,  which 
are bonding  and  non-bond ing ,  respectively, accord ing  to a hypothesis  o f  
G o o d e n o u g h 39) [used in adsorp t ion  models  o f  B o n d 40) and Shopov  et a l .12)]. 
Both symmetry  orbitals  are present  in the top  o f  the “ d - b a n d "  o f  the 
bulk cluster and they are affected by the same a m o u n t  at  the occurrence 
o f  the “ surface” .
A dist inct  effect, however,  is found on the charge dis t r ibut ion.  Negative 
charge is shifted to the surface a toms,  especially to the central  nickel a tom,  
which is t ransferred from its bulk sur roundings  to a surface environment .  
This shift o f  electrons to the surface increases in the order  (111 ) < (  100) < (  1 10), 
with a decreasing n u m b e r  o f  ne ighbours  to the surface a to m s  (table 2). 
Some iterative Extended Hiickel calculat ions using formula  (5), show lower 
absolute  values o f  the a tomic  charges,  but  the same relative effects.
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The occurrence of  the surface also caused an increase in the a m o u n t  o f  
d -character  o f  the electrons and  a larger cohesion energy per nearest  
ne ighbour  bonding.  Both effects increased in the o rder  (1 11) <(100)  <(1 10).
3 . 3 .  H y d r o g e n  a d s o r b e d  o n  t h e  c e n t r a l  n i c k e l  a t o m
The binding energy o f  a hydrogen a to m  adsorbed  on the central  nickel 
a to m  o f  the surface clusters (figs. 2a, 2b. 2c) is calculated according to formula  
(4) by subt rac t ing  the energy o f  the hydrogen  a tom  and  the metal cluster 
separately f rom the energy o f  the combined  system. The  results, together  
with the binding energy o f  a NiH molecule,  are shown in fig. 3a as a funct ion 
o f  the distance between the hydrogen a to m  and the central  nickel a tom.
a d s o r p t i o n  - - - - - - - - -  c o v a l e n t  a d s o r p t i o n
e n e r g y  ( e V )  e n e r g y  ( e V )
d i s t a n c e  b e t w e e n  h y d r o g e n  a n d  t h e  c e n t r a l  n i c k e l  a t o m
Fig. 3. Binding energy for a hydrogen atom adsorbed: on the (111) surface (curve a), 
on the (100) surface (curve b), on the (110) surface (curve c), in a (111) surface hole 
(curve d), in a (100) surface hole (curve e), o f  nickel (3d and 4s electrons), compared
with NiH (curve f)
The binding energy at the equi l ibr ium distance,  1.4 to 1.5 A (the exper imental  
distance in nickelhydride is 1.47 A 41), the sum o f  the covalent  radii o f  Ni 
and FI is 1.6 A), is higher than the experimental  adsorp t ion  energy of  
hydrogen a toms  on nickel42) (2.91 eV). It clearly shows a decrease when 
the nickel a to m  bound  to hydrogen is su r rounded  by an increasing n u m b e r  
o f  neighbours  or,  in o ther  words,  when the surface is more  closely packed.
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In order  to analyze this result it is convenient  to t ransform the orbi tals  
in all clusters to a set o f  coord ina te  systems with the z-axes perpendicular  
to the surface (figs. 2a, 2b, 2c; the hydrogen a to m  lies on the z-axis o f  the 
central  nickel a tom).  The  most  im por tan t  gross a tomic  orbi tal  popula t ions ,  
a tomic  charges  and  over lap popula t ions  are given in table 3. F ro m  the 
over lap popula t ions  it becomes evident  that  the hydrogen a to m  is most  
s t rongly bonded  to the central  nickel a tom ,  especially to the 3d_2 and  4s 
orbital .  The effect o f  the o ther  nickel a tom s  on this bond is smaller  and 
apparen t ly  decreases the bond  strength.  The  overlap popula t ion  between 
the hydrogen  orbital  and the central  nickel 4s orbital  is relatively large and 
rises with increasing b inding energy, whereas the over lap popula t ion  with 
3 d .2 is smal ler  and show's the opposi te  effect; therefore,  it is probable  that  
the 4s orbital  plays an im por tan t  role in the covalent  bond ing  between 
nickel and  hydrogen.
Examining the orbi tal  popula t ions  we find a large charge t ransfer  from 
the central  nickel 3d_2 orbital  to the hydrogen.  C o m p a re d  to this electron 
t ransfer  the o ther  effects o f  adsorp t ion  on the charge dis t r ibut ion are small.  
In describing the model  we have noticed al ready that  this accumula t ion  o f  
charge on the hydrogen a tom  is p robab ly  enhanced  by the Extended Hiickel 
method.  Consequent ly ,  also the Extended Hiickel binding energies are too 
large, due  to an exaggerated shift o f  electrons from the higher nickel orbi tals  
to the lower hydrogen orbital .  Therefore  we have corrected the calculated 
b inding energies by subt rac t ing  the a tomic  orbital  energy differences mul t i ­
plied by the charge shifts occurr ing on hydrogen adsorp t ion .  The  result,  
which could be called the “ covalent  binding energy"  is plot ted in fig. 3b. 
This  binding energy does not  show a m in im um  as a funct ion of  distance and 
is lower than the experimental  adso rp t ion  energy. This could be caused by 
the fact that  the real s i tuat ion does not  cor respond  to zero ionicity, bu t  
lies somewhere  in between the results o f  figs. 3a and 3b. It is striking, h o w ­
ever. that  the order  o f  adsorp t ion  s t rengths on different surfaces is unchanged.
F rom  the negative charge on the hydrogen a to m  it may be concluded 
that  hydrogen adsorp t ion  gives rise to a more  negative surface potent ial ,  
a l though  the effect is p robab ly  smaller  than calculated by the non-i terat ive 
Extended Hiickel method.  The  var ia t ions  in this hydrogen charge for 
different clusters are so small that  it is not  justified to make  any conclusions 
a b o u t  relative effects on various surfaces.
Calculat ions  with 3d orbitals  only and 9 valence electrons per nickel 
a to m  yield larger b inding energies (fig. 4a) and an opposi te ,  a l though smaller,  
dependence  on the n u m b e r  o f  neighbours  o f  the central  nickel a tom  (co m ­
pared to the calculat ions  including 4s orbi tals  shown in fig. 3a). This is not  
in contrad ic t ion  to our  earlier conclusion tha t  the central  nickel 4s orbital
to
T a b l e  3a
Most important orbital populations and atomic charges for hydrogen on nickel; the N i ( I ) -H  distance is 1.5 A; the numbering of
the atoms is indicated in fig. 2
(111) surface
cluster
( I l l )  surface 
cluster +  H
(100) surface 
cluster
(100) surface 
cluster +  H
(110) surface 
cluster
(110) surface 
cluster +  H
3 d - 2 ( l ) 1.904 0.972 1.979 0.928 1.962 0.931
3d.rr ( 1 ) 1.960 1.967 1.759 1.759 1.860 1.860
3d i/z ( 1 ) 1.960 1.967 1.759 1.759 1.971 1.971
3d.r2-.v2d ) 1.167 1.364 1.992 1.992 1.956 1.961
3d.r,,(l) 1.167 1.364 1.913 1.913 1.744 1.861
total 3d( 1 ) 8.158 7.635 9.401 8.351 9.493 8.583
4s( 1 ) 0.468 0.368 0.477 0.391 0.485 0.415
total 3d(2) 9.465 9.457 9.635 9.585 9.635 9.626
4s(2) 0.753 0.724 0.625 0.595 0.618 0.577
total 3d(3) 9.457 9.419 9.186 9.314 9.378 9.420
4s (3) 0.565 0.663 0.584 0.654 0.535 0.562
total 3d(4) ----- — ----- — 9.419 9.397
4s(4) ----- — — ----- 0.446 0.582
<7xi(i ) +  1.37 4-2 .00 +  0.12 +  1.26 +  0.02 +  1.00
</X i{2) -  0.22 -  0.18 - 0 . 2 6 - 0 . 1 8 - 0 . 2 5 - 0 . 2 0
</ X i (3 ) - 0 . 0 2 - 0 . 0 8 +  0.23 +  0.03 +  0.09 +  0.02
i /NfH) ----- — ------ ----- +  0.13 +  0.02
(/ n — — 0.66 — -  0.67 — - 0 . 6 9
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T a b le  3a (continued)
(111) surface 
cluster
(111) surface 
cluster +  H 
in hole
(100) surface 
cluster
(100) surface 
cluster +  H 
in hole
NiH
3d**(l) 1.904 1.570 1.979 1.748 3dZ2 0.971
3dxz(l) 1.960 1.967 1.759 1.759 total 3d 8.971
3dj*(l) 1.960 1.967 1.759 1.759 4s 0.390
3dx=-î,2(l) 1.167 1.364 1.992 1.992 q  N i +  0.64
3dj-»/ ( 1 ) 1.167 1.364 1.913 1.913 q h - 0 . 6 4
total 3 d ( l ) 8.158 8.234 9.401 9.171
4s( 1 ) 0.468 0.357 0.477 0.331
total 3d(2) 9.465 9.522 9.635 9.695
4s (2) 0.753 0.762 0.625 0.603
3dc=(3) 1.959 1.921 1.985 1.960
3d.C2(3) 1.807 1.824 1.918 1.916
3dVz (3) 1.947 1.928 1.633 1.710
3dJr2_2/2 (3) 1.983 1.910 1.912 1.836
3 d jr/y ( 3 ) 1.761 1.762 1.738 1.840
total 3d(3) 9.457 9.344 9.186 9.262
4s(3) 0.565 0.431 0.584 0.468
</Ni(l) +  1.37 +  1.41 +  0.12 +  0.50
i / N i ( 2 ) - 0 . 2 2 - 0 . 2 8 - 0 . 2 6 - 0 . 3 0
i / N i ( 3 ) - 0 . 0 2 +  0.22 +  0.23 +  0.27
q h -- - 0 . 3 8 -- - 0 . 3 9
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T able 3b
Overlap populations with the hydrogen Is orbital; the N i ( 1)—H distance is 1.5 A; the
numbering o f  the atoms is indicated in fig. 2
(111) surface 
cluster 4- H
(100) surface 
cluster 4- H
(110) surface 
cluster -f H
3d>s ( 1 ) 0.0600 0.0526 0.0452
4s( 1 ) 0.1399 0.1479 0.1589
t o t a l ( 1 ) 0.1999 0.2005 0.2041
4s (2) -  0.0029 0.0004 0.0005
total (2) - 0 .0 0 2 1 0.0016 0.0014
4s (3) -  0.0087 -  0.0089 -  0.0087
t o t a l (3) -  0.0093 -  0.0094 -  0.0086
4s(4) -- -- -  0.0080
total (4) -- -- - 0 .0 0 9 1
T able 3b (continued)
(111) surface 
cluster 4- H in hole
(100) surface 
cluster 4- H in hole NiH
3dj-’( 1 ) 0.0394 0.0432 3d22 0.0241
4s (1 ) 0.0477 0.0527 4s 0.2080
total ( 1 ) 0.0871 0.0958 total 0.2321
4s (2) - 0 .0 0 7 1 — 0.0066
total (2) - 0 . 0 0 5 8 -  0.0052
3d,= (3) 0.0038 0.0045
3d.« (3) 0.0 0.0005
3dvz(3) 0.0079 0.0
3d.r2 v'-(3) 0.0158 0.0162
3d.r// (3) 0.0 0.0
4s(3) 0.0705 0.0441
total (3) 0.0980 0.0653
is largely responsible for the covalent  bond ing  o f  a hydrogen  a t o m ;  it is the 
consequence  o f  a higher ionicity. If the ionic con t r ibu t ion  to the binding 
energy is subtracted ,  as described previously,  the covalent  binding energy is 
lower than in the model  with 4s orbi tals  (fig. 4b). T ha t  the effect o f  the 
su r round ing  nickel a tom s  is reversed and is smal ler  can be explained by 
assuming that  the main part  o f  this effect is repulsive (in agreement  with 
the conclusion f rom fig. 3) and is caused by the 4s orbi tals  of  these nickel 
a toms.
3 . 4 .  H y d r o g e n  a d s o r b e d  i n  a  n i c k e l  s u r f a c e  “ h o l e ”
If a hydrogen a tom  is adsorbed  in a “ hole"  between 3 or  4 surface a toms  
o f  a (111) or  (100) nickel face, it is placed perpendicular ly  over the central
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nickel a tom  lying in the second layer, which is 2.03 A or  1.76 A, respectively, 
below the surface. The  o ther  nickel a tom s  can now, however,  certainly 
not  be considered as a per tu rba t ion ,  since some of  them are at approximate ly  
the same distance to the hydrogen a tom.  The models  used for hydrogen 
adsorp t ion  in these posi t ions are shown in figs. 2d and 2e. In fig. 3a the
adsor pt i on 
ener gy ( e V )
V5
5.0
5 5
6.0
a
cov al ent  a d s o r p t i o n  
b  ener gy ( e V )
05
1 0
1.1 1.3 15 17 I 11 1.3 15 1.7 
di st ance b e t we e n  hydr ogen and the cent r al  nickel
1.5
I
at om
Fig. 4. Binding energy for a hydrogen atom adsorbed on nickel (3d electrons only),
compared with NiH. The labeling o f  the curves is indicated in fig. 3.
calculated binding energies are plot ted as a funct ion o f  the distance between 
the hydrogen a to m  and the central  nickel a tom  directly under  it. These 
binding energies are lower than the values calculated for hydrogen adsorbed  
over a surface nickel a tom.  Besides the over lap popula t ions  o f  the hydrogen 
a tom  with the central  nickel a tom ,  also the over lap popula t ions  with the 
3 or  4 ne ighbour ing surface a tom s  are im por tan t  now. These over lap p o p u la ­
t ions are smaller than the one between hydrogen and  the central  nickel 
a to m  in the clusters o f  figs. 2a, b and c, a l though their  sum is larger. Also 
the charge transfer  effect f rom nickel to hydrogen is smaller,  which might  
p rovoke  the quest ion whether  the lower binding energies are not  caused 
by a lower ionicity. Fig. 3b, however ,  where the “ covalent  binding energies" 
are com pared ,  shows tha t  this is not  the case.
The  lowering o f  the charge  t ransfer  (the charge on hydrogen is now more 
equally supplied by the bond ing  3d and  4s orbitals)  is such a dist inct  effect 
tha t  we can conclude that  hydrogen adsorp t ion  in a surface hole causes a 
less negative surface potent ial  than adsorp t ion  on the surface atoms.
Calcu la t ions  with jus t  the nickel 3d electrons only confirm the previous 
conclusions.
Several o f  the calculat ions for hydrogen adsorp t ion  on nickel were 
repeated with different paramete rs  or  employing  the iterative Extended 
Hiickel method .  The  Wolfsbere -Helmholz  cons tan t  was taken as K=  2.0 
or K = 2  — \Spq\43) instead o f  the usual value K=\.15.  The  VSIE's  o f  the
Most important orbital populations and atomic charges for hydrogen on copper; the C u ( l ) - H  distance is 1.5 A, the numbering o f  the atoms is
indicated in fig. 2
T a b l f . 4a
(111) surface 
cluster
( I l l )  surface 
cluster +  H
(100) surface 
cluster
(100) surface 
cluster +  H
(110) surface 
cluster
(110) surface 
cluster +  H
3d**(l) 1.996 1.979 1.996 1.846 1.994 1.887
3 d « ( I ) 1.991 1.991 1.989 1.989 2.000 2.000
3d,/r( 1) 1.991 1.991 1.989 1.989 1.995 1.995
3d.r= )/- (1) 1.978 1.967 1.992 1.992 1.989 1.978
3d xi/ (1) 1.978 1.967 1.957 2.000 1.977 1.977
total 3d(1) 9.933 9.894 9.922 9.816 9.955 9.837
4s( I ) 0.519 0.347 0.706 0.390 0.633 0.414
total 3d(2) 9.975 9.978 9.980 9.982 9.976 9.980
4s (2) 1.134 1.054 1.206 1.232 1.291 1.153
total 3d(3) 9.971 9.967 9.967 9.972 9.978 9.976
4s (3) 0.994 0.948 0.940 0.833 0.967 0.990
total 3d(4) ----- — ----- ----- 9.964 9.963
4s (4) ----- ----- ----- ----- 1.133 0.898
i /Cu( l  > +  0.55 +  0.76 +  0.37 +  0.79 +  0.41 +  0.75
(fC u(2) - 0 . 1  1 - 0 . 0 3 0.19 - 0 . 2 1 - 0 . 2 7 - 0 . 1 3
f /Cu(3) +  0.03 +  0.08 -f 0.09 +  0.20 +  0.05 +  0.03
(JCu(A) — ----- — — - 0 . 1 0 +  0.14
q\\ ----- - 0 . 8 2 ----- - 0 . 7 2 — - 0 . 7 6
T a b l e  4a (continued)
(111) surface 
cluster
( I l l )  surface 
cluster +  H 
in hole
(100) surface 
cluster
3d -2 ( 1 ) 1.996 1.933 1.996
3d.rj ( 1 ) 1.991 1.992 1.989
3d i/z ( 1 ) 1.991 1.992 1.989
3 d . r 2 - , / 2 (  1 ) 1.978 1.988 1.992
3d.r,,(l) 1.978 1.988 1.957
total 3d( I ) 9.933 9.893 9.922
4s( 1 ) 0.519 0.439 0.706
total 3d(2) 9.975 9.976 9.980
4s (2) 1.134 1.290 1.206
3 d c 2 ( 3 ) 1.998 1.995 1.998
3 d . r z ( 3 ) 1.994 1.996 1.996
3 d 1/2 ( 3 ) 1.992 1.965 1.988
3 d r 2  .1/3(3) 1.998 1.961 1.996
3dj-;/(3) 1.989 1.990 1.989
total 3d(3) 9.971 9.907 9.967
4s (3) 0.994 0.646 0.940
</Cu(l) +  0.55 +  0.67 +  0.37
q cu(2) - 0 . 1 1 - 0 . 2 7 - 0 . 1 9
i /Cu(3) +  0.03 +  0.45 +  0.09
qw -- - 0 . 4 1 —
(100) surface 
cluster 4- H 
in hole
CuH
1.922 3d*t 1.877
1.989 total 3d 9.877
1.989 4s 0.480
1.992 Í/C» 4-0.64
2.000 Í/H - 0 . 6 4
9.891
0.567
9.977
1.494
1.993
1.990
1.994
1.961
1.989
9.928
0.621
4- 0.54
- 0 . 4 7
4-0.45
- 0 . 4 6
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T a b l e  4 b
Overlap populations with the hydrogen Is orbital; the C u ( l ) - H  distance is 1.5 A, the
numbering o f  the atoms is indicated in fig. 2
(111) surface 
cluster 4- H
(100) surface 
cluster 4- H
(110) surface 
cluster +  H
3d;2 ( I ) - 0 . 0 5 1 0 0.0024 - 0 . 0 2 0 2
4s( 1 ) 0.2215 0.1740 0.1945
t o t a l ( I ) 0.1705 0.1717 0.1743
4s (2) - 0 . 0 4 1 6 0.0031 - 0 . 0 2 7 7
total (2) -  0.0444 0.0006 -  0.0302
4s ( 3 ) 0.0004 - 0 . 0 1 2 9 - 0 . 0 1 0 9
total (3) 0.0000 - 0 . 0 1 3 5 - 0 . 0 1 1 8
4s(4) -- -- - 0 .0 0 4 1
total (4) -- -- -  0.0045
T a b l e  4b (continued)
(111) surface 
cluster 4- H in hole
(100) surface 
cluster 4- H in hole CuH
3dr* ( 1 ) 0.0104 0.0075 3dS2 0.0123
4s (1 ) 0.0179 0.0442 4s 0.2185
t o t a l (1 ) 0.0282 -  0.0367 total 0.2309
4s (2) - 0 . 0 1 8 8 - 0 . 0 4 1 8
total (2) - 0 . 0 1 9 2 -  0.0422
3d,2(3) -  0.0001 - 0 . 0 0 1 0
3 d «  (3) 0.0 0.0011
3 d i/2 ( 3 ) 0.0066 0.0
3d.,-2 ,/2 (3) 0.0086 0.0046
3d.n/(3) 0.0 0.0
4s ( 3 ) 0.1 194 0.1039
t o t a l (3) 0.1345 0.1086
nickel 3d and  4s orbi tals  were shifted by an equal  a m o u n t  such that  the 
experimental  Fermi level in the bulk cluster was reproduced.  A l though  
these modificat ions changed the quant i ta t ive  results somewhat ,  the effects 
discussed above are unaltered.
3.5. H y d r o g e n  a d s o r b e d  o n  c o p p e r
The greater  activity o f  nickel in many  reactions,  as co m pared  to copper ,  
is usually ascribed to the part ly filled d-band .  There  is, for instance,  the 
effect that  dissociative chemisorp t ion  o f  H 2 on nickel requires a much 
smaller  act ivat ion energy than on copper ,  whereas the adsorp t ion  energy 
of  a tomic  hydrogen is not much larger [2.91 eV for n icke l42), 2.43 eV for 
c o p p e r 44’45)]. We have tried by our  model  calculat ions to obta in  some 
informat ion which might  help to explain the observed effects.
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The most  im por tan t  change in going from nickel to copper  is the extra 
valence electron,  filling the d -band  and part  o f  the conduc t ion  band.  In 
addi t ion  there is a change in paramete rs  such as the lattice cons tant ,  the 
energies and exponents  o f  a tomic  orbitals.  In most  cases we have com pared  
the results for hydrogen on nickel to the results obta ined  when one extra 
electron per metal a to m  is added.  In one calculat ion (hydrogen adso rbed  
on the (100) surface) we have in t roduced all the copper  paramete rs  ( table 1). 
The  last calculat ion showed tha t  lor  the qual i tat ive compar i son  o f  the a d s o r p ­
tion on nickel and  copper  it is sufficient to go from 10 to 11 valence electrons,  
keeping the o ther  parameters  constant .
The  b inding energies for hydrogen on “ coppe r"  are d rawn in fig. 5a. 
The  binding energy for hydrogen adsorbed  over a surface a to m  is even 
som ew ha t  larger than  for nickel. However ,  the charge on hydrogen is also 
slightly higher  and the covalent  binding energies (fig. 5b) are com parab le  to 
nickel. The  b inding energy for adsorp t ion  in a surface “ hole"  is considerably 
lower than  for nickel. Analyzing the results in terms o f  orbital  and overlap 
popula t ions  (table 4) we observe tha t  the metal 3d orbitals  do not par t ic ipate  
in the hydrogen bonding.  All the binding that  takes place, both covalent  
and ionic, is due to the metal 4s orbitals.  This  4s bonding; is s t ronger  for
a d s o r p t i o n  
e n e r g y  ( e V )
c o v a l e n !  a d s o r p t i o n  
e n e r g y  [ e V )
- 3 0
- 2.0
-10
00
1 0
2 0
3 0
i,.0
d i s t a n c e  b e t w e e n  h y d r o g e n  a n d  t h e  c e n t r a l  c o p p e r  a t o m
Fig. 5. 
orbitals,
Binding energy for a hydrogen atom adsorbed 
1 extra valence electron), compared with CuH.
indicated in fig. 3.
on copper (nickel 3d and 4s 
The labeling o f  the curves is
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copper  than for nickel, which could be explained by the fact that  the metal  
4s band  is now exactly half  filled. The order  of  the b inding energies on 
different surfaces also deviates f rom the nickel case.
Al though  we find a very different bond ing  behaviour  o f  the 3d electrons 
in copper  as com pared  to nickel, this model gives no direct  evidence for 
the greater  activity o f  the latter metal.  For  the s tudy o f  this subject we 
should extend it, for instance,  to a model  for dissociative chemisorpt ion  
o f  H , ,  such as described in ref. 13.
4. Conclusions
Bearing in mind the app rox im a te  na ture  o f  the model  we th ink  tha t  
some interest ing conclusions can still be drawn.  The binding between a 
nickel crystal and a hydrogen a to m  adsorbed  on top  o f  a surface a to m  is 
similar to a simple NiH molecular  bond.  The  main interact ion takes place 
between the nickel 3d.2 orbital ,  point ing towards  the H a tom ,  the 4s orbital  
and the hydrogen Is orbital .  The adsorp t ion  energy decreases slightly with 
an increasing num ber  o f  nickel a tom s  su r round ing  the “ surface molecule".  
W h e th e r  this result means  that  the effect o f  the ne ighbour ing  nickel a tom s  
is always repulsive or  if it is only true for the specific env i ronments  in the 
(111), (100) and  (110) surfaces is yet to be studied.  In any case, the con t ra ry  
result would be obta ined if the interact ion between a hydrogen a to m  and 
the nickel a tom s  were represented by a pairwise interact ion potential  of  
the Lennard-Jones  t y p e 16).
The models for adsorp t ion  in a surface “ hole"  show that  this posi t ion is 
energetically less favourable.  The  negative charge on the adsorbed  a to m  is 
smaller than for hydrogen adsorbed  over a surface a tom ,  thus  causing a less
• r  V»-
negative surface potential .
O u r  calculat ions including all 3d orbi tals  do not  suppor t  the models  dis­
cussed by B o n d 40) and calculated by Shopov,  Andreev  and P e t k o v 12), based 
on the idea tha t  the d-orbi tals  which afford the ey representat ion ( d v2_v2 and 
d .2 in the coord ina te  system o f  fig. 1) are non -bond ing  in the metal  and  
are therefore part icularly suitable for adsorp t ion  bonding.  We have found 
no indication for a par t iculary im por tan t  role o f  these e,, orbitals ,  nei ther  
in the models  for hydrogen adsorp t ion  on the surface,  nor  in those for 
“ hole" adsorpt ion .  On the contrary ,  we conclude tha t  a m o n g  the 3d orbi tals  
the t ransformed d .2 orbital  point ing perpendicular ly ou t  o f  the surface is 
most  im por tan t  for chemisorp t ion  on the surface a toms.  This is completely 
at  variance with Bond 's  model because at  the (111) surface,  for instance,
this orbital  is writ ten in the original coord ina te  system as ( d vv+ d v_-j-dv_)/x/ 3  
and thus belongs to the t 2(, representat ion of  the crystal point  group.
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General ly,  we find that  the s t ructure o f  the surface molecule is more  signifi­
cant  for de te rmin ing  which d-orbi ta ls  are primari ly involved in chemisorpt -  
ion than  is the interact ion with the “ bu lk"  metal a toms.
A n o th e r  interest ing effect emerging from ou r  model  calculat ions is the 
im por tan t  role o f  the 4s orbitals  in covalent  adsorp t ion  bonding.  For  
copper ,  where the 3d orbi tals  are not  involved in the adsorp t ion  bond,  
the increased 4s con t r ibu t ion  even compensa tes  the decrease in adsorp t ion  
energy.
Finally we wan t  to point  ou t  two possible improvements  o f  this model  
which can be made  in order  to consol idate  its conclusions.  Firstly, the 
effect o f  t runca t ing  the nickel crystal must  be taken into account  more 
elegantly.  Secondly,  the Extended Hiickel method  insufficiently prevents 
charge  accumula t ions  on certain a toms,  whereas the iterative procedure  
with charge dependen t  orbital  energies is unsat isfactory as these modified 
orbital  energies enter  directly into the binding energy. It would be preferable 
to replace the Extended Hiickel formal i sm by a M O  method which takes 
the electron repulsion explicitly into account .
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